Abstract-The discrete wavelet transform (DWT) has several advantages of multiresolution analysis and subband decomposition, which has been successfully used in image processing. However, the shift-variant property is intrinsic due to the decimation process of the wavelet transform, and it makes the wavelet-domain motion estimation and compensation inefficient. To overcome the shift-variant property, a low-band-shift method is proposed and a motion estimation and compensation method in the wavelet domain is presented. The proposed method has a superior performance to the conventional motion estimation methods in terms of the mean absolute difference (MAD) as well as the subjective quality. The proposed method can be a model method for the motion estimation in wavelet domain just like the full-search block matching in spatial domain.
I. INTRODUCTION
T HE DISCRETE wavelet transform (DWT) has received considerable attentions in the field of image processing due to its flexibility in representing nonstationary image signals and its ability in adapting to human visual characteristics [1] . It is closely related to multiresolution analysis and subband decomposition, which has been successfully used in image processing for a decade [2] - [4] .
The wavelet transform decomposes a nonstationary signal into a set of multiresolutional wavelet coefficients where each component becomes relatively more stationary and hence easier to code. Also, coding schemes and parameters can be adapted to the statistical properties of each wavelet coefficient, thereby improving the coding efficiency. In subband coding, the frequency band of an image signal is decomposed into a number of subbands by a bank of bandpass filters. Each subband is then decimated and encoded separately. For reconstruction, the subband signals are decoded and expanded back to the original frequency band by interpolation. The subband-coding approach provides a signal-to-noise ratio comparable to the transform-coding approach and yields a superior subjective perception due to the lack of the blocking effect.
In video coding, several types of interframe predictions [5] , [6] have been used to reduce the interframe redundancy. Motioncompensated prediction has been used as an efficient scheme Manuscript received March 20, 1998; revised August 19, 1999 . The associate editor coordinating the review of this manuscript and approving it for publication was Prof. Steven D. Blostein.
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for temporal prediction. In order to perform the motion compensation in the wavelet domain, block matching can be applied to the wavelet coefficients. There have been many attempts to predict the wavelet coefficients by motion compensation in the wavelet domain [7] - [11] . However, motion compensation in the wavelet domain is highly dependent on the alignment of the signal and the discrete grid chosen for the analysis. There exist very large differences between the wavelet coefficients of the original image and the one-pixel-shifted image [12] , [13] . This shift-variant property happens frequently around the image edges, so motion compensation of the wavelet coefficients can be difficult.
To overcome the shift-variant property of the wavelet transform, a new method is presented for motion estimation and compensation in the wavelet domain. For motion estimation and compensation in the wavelet domain, the reference frame is shifted by one pixel along the , the , and the diagonal directions, respectively, in the spatial domain. The shifted frames are transformed to the wavelet domain for motion estimation. These shift and wavelet-transform processes are named the lowband-shift method. The next-level low-band-shift operations are repeated iteratively to the low-low band of each level. This low-band-shift method avoids the shift-variant property of the wavelet transform and performs the motion compensation more precisely and efficiently. This paper is organized as follows: Section II briefly reviews the motion estimation and compensation in the spatial domain and the wavelet domain. Section III describes the proposed motion estimation and compensation scheme for overcoming the shift-variant property. Comparative studies of the various motion compensation techniques for wavelet-based coding are presented in Section IV. Finally, conclusions are given in Section V.
II. MOTION ESTIMATION AND COMPENSATION IN SPATIAL AND WAVELET DOMAINS

A. Motion Estimation and Compensation in Spatial Domain
Video compression standards, such as MPEG-1 and MPEG-2, use a two-dimensional (2-D) discrete cosine transform (DCT) to reduce the spatial redundancy and use a block-matching algorithm to reduce the temporal redundancy [5] . However, block-based coding suffers from blocking effects, in particular, in low-bitrate applications.
In wavelet-based video coding [14] , a motion estimation can be performed in the spatial domain, which is just the blockbased motion estimation introduced in the MPEG standards. However, the block-based motion estimation often produces discontinuities between the motion-compensated blocks because 1057-7149/00$10.00 © 2000 IEEE the neighboring motion vectors are not coherent. These discontinuities lead to high-frequency components in the residual signals. When the wavelet transforms are performed on the residual signals, the block discontinuities generate large signals of the DWT coefficients in the high-bands, so the coding efficiency can be degraded. Therefore, effective reduction of the block discontinuities in the prediction error signals is required to realize higher coding efficiency [15] .
In addition, there is another blocking effect coming from the various motion-compensation modes. In conventional block-based video coding, various types of blocks, such as intrablock, interblock, and bidirectional prediction block, can exist in a frame [5] . This combinational usage of the various prediction modes makes the block discontinuity large, so the coding performance of the wavelet-based compression can be degraded.
B. Motion Estimation and Compensation in Wavelet Domain
The wavelet representation provides a multiresolution/multifrequency expression of a signal with localization in both time and frequency domains. This property is very desirable in image-and video-coding applications. Wavelet expansions are highly dependent on the alignment of the signal and the discrete grid chosen for the analysis [16] . In order to perform the motion compensation in the wavelet domain, the coefficients of the transformed signal need to be predicted [12] , [13] . The main difficulty of multiscale video coding lies in the fact that the decimation and expansion operations in the wavelet transform are shift-variant.
A simple example of the shift-variant property of a wavelet transform is illustrated in Fig. 1 . In the example, the original and the one-pixel-shifted one-dimensional (1-D) signals are shown in Fig. 1 Fig. 1 . The low-band signal is smooth, and the difference in the low-band coefficients between the original and the shifted signal is small. Thus, it is possible to estimate the low-band coefficients of the shifted signal from those of the original signal with small error. However, there is a big difference between the high-band coefficients of the shifted signal and those of the original signal. Such phenomena will happen frequently around the edges in the image. The high-band signal difference around the image edges generates large errors in predicting the motion vector in the wavelet domain when using the conventional block-matching method.
Several researchers have performed motion estimation and compensation by direct prediction of the low-band and the high-band wavelet coefficients [7] - [11] . However, direct band-to-band motion estimation of the wavelet coefficients is not so effective because of the shift variance induced by decimation. Instead of estimating directly the high-band coefficients at a given resolution, there is another approach; i.e., to perform the motion estimation of every low-band from the corresponding low-band of the reference in which the reference is not decimated. In this approach, the motion compensation of the high bands is performed with the motion vectors found in the corresponding lowband [17] .
III. PROPOSED MOTION ESTIMATION AND COMPENSATION IN
WAVELET DOMAIN Fig. 2 shows the block diagram of the video coding using the proposed motion estimation and compensation in the wavelet domain. In the proposed coding scheme, an input video frame is decomposed by the wavelet transform. The motion estimation and compensation are performed in the wavelet domain, not in the spatial domain. The low-band-shift block in the block diagram generates three shifted low-low bands, which are shifted from the low-low band of the reference frame by 1-pixel along the , the , and the diagonal directions, respectively. And each of the original low-low band and the shifted low-low bands is further decomposed. For multilevel DWT, these shift and wavelet-transform operations for the low-low band are iteratively performed. The motion estimation finds a reference wavelet block, which is matched with the current wavelet block. The wavelet block consists of the wavelet coefficients which are generated from the low-band-shift block in Fig. 2 . The residual signal from the compensation is the difference between the current wavelet block and the corresponding reference wavelet block. The residual signal can be quantized and encoded by embedded zerotree wavelet (EZW) coder [3] or by set partitioning in hierarchical trees (SPIHT) coder [4] .
A. Wavelet Analysis and Synthesis Filter Banks
A 1-D signal can be decomposed into a subband signal by the analysis filter bank and the decimator. Any or all of the resulting subbands can be decomposed by the analysis filter bank and decimated for as many levels as desired. Fig. 3 shows the threelevel 1-D wavelet analysis and the synthesis filter banks. The filters of , , , and in Fig. 3 are 1-D analysis and synthesis filters. For example, the Daubechies' D(9, 7) filters [16] , which are linear-phase biorthogonal filters, are given as follows:
(1) Subband filtering of 2-D image can be implemented by 1-D filtering in the -and the -directions since most 2-D wavelet filters can be applied by using the property of separability. The 2-D wavelet transform decomposes an image into four bands of , , , and , which are the low-low, the high-low, the low-high, and the high-high bands along the horizontal and the vertical directions, respectively. The reconstruction operation consists of upsampling followed by filtering of the synthesis filter bank. Subjecting all subbands to another stage of filtering and decimation leads to a uniform multilevel decomposition.
If only the lowband is further decomposed, it is referred to as an octave-band decomposition or pyramid decomposition [18] . The proposed scheme is similar to the octave-band decomposition, but the low-low band is shifted and decomposed to overcome the shift-variant property of the wavelet transform.
B. Low-Band-Shift Method
The proposed motion estimation and compensation uses a low-band-shift method to overcome the shift-variant property. Fig. 4 shows the low-band-shift method in three-level 1-D wavelet decomposition. The th-level high-band signal of the input is denoted by , where indicates the number of shifts in the spatial domain and is the location in the subband signal. At the first level, the original and the shifted signals are decomposed into their low-band and high-band signals. The first-level high-band signal generated from the original signal is denoted by , and the high-band signal from the one-pixel-shifted signal by . For hierarchical decomposition of the proposed scheme, the low-band signal is further decomposed in the same way as at the first level. If the decomposition is performed up to third level, a total of eight low-band and 14 high-band signals are generated as shown in Fig. 4 . For example, let be the -pixel-shifted signal of :
Each subband of the shifted signal, , can be represented by that of as follows:
where , , , and are the first-level high-band, the second-level high-band, the third-level high-band, and the third-level low-band signals of , respectively. In (3), is the modulo operation, which is modulo . The operator denotes the largest integer value less than or equal to . The variables of , , and in (3) are two-fold, four-fold, and eight-fold decimated coordinates, respectively, from spatial coordinate . As shown in (3) and Fig. 4 , the wavelet coefficients of any shifted signal can be obtained from the low-band-shift of the original signal . Fig. 5 shows an example of noble identities [19] for , where the value of six indicates a six-pixel-shifted signal in the original spatial domain and is the eight-fold-decimated coordinate from the original spatial coordinate. The other signals can be simplified by applying the noble identities. The above 1-D formulation can be easily expanded to more than three-level wavelet transform and also to a 2-D image signal, as will be described in Section III-D.
C. Generation of Wavelet Block
In wavelet decomposition, every coefficient at a given scale, with the exception of those in the highest frequency subbands, can be related to a set of coefficients of the same orientation at the next finer scale. The coefficient at the coarse scale is called the parent, and the four coefficients representing the same spatial location and the same orientation at the next finer scale are called children. This relationship is exploited by representing the coefficients as a data structure called a wavelet tree. For the lowest frequency subband, the parent-child relationship is defined such that each parent has three children, each of which is in a subband at the same scale and the same spatial location, but at different orientation. The coefficients of each wavelet tree rooted in the lowest band are rearranged to form a wavelet block, as shown in Fig. 6 . The purpose of the wavelet block is to provide a direct association between the wavelet coefficients and what they represent spatially in the image. Related coefficients at all scales and orientations are included in each block. For example, if three-level wavelet transform is applied to an image as shown in Fig. 6 , the wavelet block consists of three blocks from the first-level , , and subbands, three blocks from the second-level , , and subbands, and four blocks from the third-level , , , and subbands. We can apply up to four-level wavelet transform to consist the wavelet blocks. The wavelet block size should increase for more than four-level wavelet transform.
D. Motion Estimation and Compensation Using Low-Band-Shift
In the spatial domain, the block-based motion estimation usually divides an image into small blocks with pixels and then finds an optimum block in the reference frame for each block of the current frame within a given search area . The block-matching motion-estimation algorithms find the motion vector with which a given cost function is minimized. There are various cost functions, such as the mean absolute difference (MAD) and the mean squared difference (MSD). The implementation of MAD is much simpler than that of MSE.
The motion estimation of the proposed scheme finds the motion vector ( , ) that generates the minimum MAD between the current wavelet block and the reference wavelet block. The coefficients of each subband are rearranged to form a wavelet block, as shown in Fig. 6 . The wavelet blocks in search window in the reference frame are compared to the current wavelet block, and a reference wavelet block that leads to the best match is selected.
As an example, an input image is decomposed up to third level, so that the input image can be decomposed to a total of ten subbands: three subbands each at the first and the second levels, and four subbands at the third level. When the displacement vector is ( , ), the MAD of the th wavelet block, in Fig. 6 , is computed as follows:
(4) Fig. 7 . Rate distortion curves obtained by using the proposed motion estimation method and the conventional spatial-domain and wavelet-domain motion-estimation methods for the second frame of the "football" sequence, where the first frame of the "football" sequence is used as the reference frame.
where the initial point of the th-level subbands in the th wavelet block are defined as (5) , , and are th-level high-low, low-high, and high-high subbands of the reference frame, respectively. Also, is the third-level low-low subband, as shown in Fig. 6 . In (4) , is the wavelet block size, which is in this paper. The subband signals of the 2-D reference frame in (4) results from a 2-D expansion of 1-D subband signal in Fig. 4 . In (5) , is the initial position of the th wavelet block in the spatial domain, as shown in Fig. 6 . In (4), the optimum motion vector ( , ) of the th wavelet block, which has minimum displacement error, is given by (6) where is the search window for motion estimation. The motion compensation for the th wavelet block of the current frame is performed by fetching the corresponding wavelet block of the low-band-shifted reference frame which has the motion vector ( , ). The motion-compensated wavelet block is given by (7) , , and are the motion-compensated th-level high-low, low-high, and high-high subbands, respectively, and is the motion-compensated third-level low-low subband.
IV. SIMULATION
In order to verify the proposed method, comparison studies were performed for the proposed method and two conventional methods. Several video sequences were used for this simulation. The motion estimation was performed by block matching with a -pixel block, and the discrete wavelet transform was performed by the D(9,7) filter bank with a three-level decomposition. In this simulation, the search window was [ 16, 16] . In the comparison study, the first method was the motion estimation using block matching in the spatial domain, and the residual signal from the prediction was decomposed by a threelevel DWT. The second method was the motion estimation in wavelet domain without the low-band shift, which is the direct band-to-band wavelet-domain motion estimation. The proposed TABLE II  COMPUTATIONAL COMPLEXITY AND MEMORY REQUIREMENTS FOR MOTION ESTIMATION AND COMPENSATION (FS: FULL SEARCH, DWT: DISCRETE WAVELET  TRANSFORM, IDWT: INVERSE DISCRETE WAVELET TRANSFORM, LBS: LOW-BAND-SHIFT, GOP: GIGA OPERATIONS) motion estimation, which uses the low-band-shift method, was compared with these two motion estimation methods with respect to PSNR and MAD.
In the first experiment, we compared the rate-distortion results of the proposed method and the two conventional methods. The first frame of the "football" sequence was used as the reference frame, and the second frame of the "football" sequence was estimated from the reference frame. The rate-distortion curves of the proposed method and the conventional methods are presented in Fig. 7 where a uniform quantizer was used. In Fig. 7 , the entropy in the horizontal axis includes only the quantized residual signal and does not include the motion vectors. The average improvement in PSNR over the spatial-domain motion estimation is 0.7 dB. In the second experiment, the MAD of the residual signal from the motion estimation and compensation was compared for the first 100 frames of the "football" sequence. In this simulation, the th frame was the reference frame and the ( )th frame was the current frame. The comparison results from the experiment are shown in Fig. 8 . The average MAD's for several video sequences with various resolutions were analyzed as shown in Table I . These comparison results show the proposed motion-estimation method outperforms the conventional motion estimation methods. In order to show the subjective quality of the motion estimation methods, the second frame of "football" sequence is presented in Fig. 9 . In Fig. 9 , the reconstructed images were obtained from the compressed displacement frame difference with 0.1 bpp. As shown in Fig.  9 , the reconstructed image from the proposed method has better image quality and does not have any blocking effects. In this paper, all experimental results were obtained with the D(9, 7) filters for the wavelet transform. Since the shift-variant property is a characteristic of the wavelet transform with any filter banks, our experimental results with other filter banks are similar to that with D(9, 7) filter bank.
The analysis of the computational complexity and memory requirement of each method is described in Table II . The major disadvantages of the proposed scheme are the large memory requirement and the computational complexity. For three-level hierarchical decomposition with the low-band-shift method, a total of nine frames of memory space are required, which correspond to three frames for each wavelet level. However, the large memory requirement can be easily overcome through recent memory technology. The computation complexity of the proposed method is higher than that of the spatial-domain motion estimation because the low-band-shift method requires DWT operation for the low-band-shifted frame. The computational complexity was calculated with assumption of the full search motion estimation in image with search range of 16. The computation complexity of the proposed motion estimation is 10.3% higher than that of the spatial-domain motion estimation. However, the proposed algorithm has a better PSNR and a lower MAD in all cases. These simulation results show that the proposed method gets over the shift-variant property of the wavelet transform and performs more precise and efficient motion compensation.
V. CONCLUSION
In this paper, a new motion-estimation method in wavelet domain was proposed for the wavelet-based moving-picture coding. The proposed motion estimation in the wavelet domain was accomplished by the low-band-shift method. The low-band-shift method overcame the shift-variant property of the wavelet transform, so it could perform the motion estimation and compensation more precisely and efficiently. The simulation results showed that the proposed scheme with the low-band-shift method outperformed the full search schemes in the spatial domain and the direct band-to-band motion estimation in the wavelet domain with respect to the PSNR and the MAD. The proposed scheme was basically free from the blocking effects because the wavelet decomposition involved a global transform and hence the distortion was distributed among the whole picture. The low-band-shift method can be a model method for motion estimation in wavelet domain.
